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Abstract
In electron machines, neutrons near the interaction region are dominantly produced by photonuclear processes in
electromagnetic showers initiated by lost particles in dense materials. The photonuclear cross-section and the high
multiplicity of low-energy photons make the low-energy regime vastly dominating this neutron production. ATF2,
operating at 1.3 GeV, oﬀers most of the phase space to assess the widely used Geant4 toolkit with this respect. The
experiment beam dump is used to mimic the above mentioned high density region : the ﬂux of neutron is initiated by
the electron beam showering in the dump; which then scatters up to exiting the dump. The measurement of the time
dependent ﬂux is sensitive to both the neutron production and transport. Measurements of neutron ﬂuxes performed
with plastic and CsI scintillators will presented. They will be compared to a Geant4 simulation of the setup. The
simulation makes use of biasing techniques to boost the simulated ﬂux exiting the beam dump which results will be
discussed.
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1. Background sources : From ILC to ATF2
ILC may provide a very clean experimental environment compared to hadron colliders, but it is certainly not
background-free. The rate for events at the nominal luminosity of 2.1034cm−2s−1, will be less than one hard elec-
troweak interaction per second at 500 GeV, even for processes that are not in the main focus of physical analyzes.
Consequently, the most important source of unwanted interactions are machine induced backgrounds. This term de-
notes all particles that are produced due to the operation of the accelerator itself and due to collective eﬀects from
the collision of the particle bunches as a whole. Various sources of background can be studied at ATF2, in order to
test and improve the simulation codes and methods, which can be useful to understand and evaluate for next Linear
Collider some sources of backgrounds.
• Machine produced background before IP
• Beam beam background at IP
• Spent beam background
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1.1. Neutron background
Neutrons will be produced wherever particles are lost, but predominantly by the high-power beam in the beam
dump. However only a small fraction of these can move back to the detector region. Simulations of neutron production
and backscattering from the main dump in the direction of the IP have started with 500 GeV and 1 TeV machine
designs for the ILC. Earlier studies [6] showed that a small amount of these neutrons (around 107 particles) can
escape from the dump and move back into the beam tunnel, but again only a tiny fraction (around 104 particles) can
reach the detector. The near IP region can hence be also a large source of neutrons as neutrons produced here have
direct sight of view to the detector.
The ATF2 1.3 GeV beam ends up in an iron made dump, generating low energetic neutron and electromagnetic
background. it possible to benchmark simulation codes, based on Geant4 [4], which are used to simulate the ILC
neutron background level ?
1.2. How the ATF2 neutron production could be compared to the ILC neutron production ?
Neutrons are predominantly produced by photo-production processes because of the large cross section of these
processes at low energy and the large multiplicity of low energy photons in electromagnetic showers generated by lost
particles. Despite of its low energy electron beam (1.3 GeV) ATF2 oﬀers most of the phase space to study the neutron
production. A Geant4 simulation of electron beams ending in an iron dump was used to compare neutron production
for beam energies of 1.3 GeV and 500 GeV. Neutrons production are compared through the energy distribution of
the particle which initiates a neutron production (ie secondary production at lower energy after possible neutron
absorption and reemission is not shown). Figure 1.1 shows that the majority of the neutrons are produced via photo-
production, and that the energy distribution of these neutrons is very similar between 1.3 GeV and 500 GeV beam
energies. Therefore, measuring neutron background levels at ATF2 can deﬁnitely help to predict how it would be at
higher electron beam energy.
Measuring this background at ATF2 is a good opportunity to test for the performances of background generation
Figure 1.1: Energy distribution and particules types at the origin of the neutron production.
codes (ie BDSIM[3] based on Geant4 and ROOT [2]) used to predict ILC background levels.
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2. The experimental setup
ATF2 (Accelerator Test Facility 2)[1] is a ﬁnal focus test bench for ILC. It has 2 major goals, which are achieve-
ment of 37 nm beam by ILC-like beam optics and stabilization of the beam position to nanometer level.
At ATF2, multiple source of background enters quasi-simultaneously the beam tunnel making diﬃcult to use the beam
diagnostic systems. On the other hand, that multiple background represent a good opportunity to test in accelerator
environment simulation tools that are used to simulate the next e+e− background.
2.1. ATF2 ﬁnal focus area
The iron made beam dump, as shown on ﬁgure 2.1, has the following dimensions : 1.7m thickness x 2.2m width
x 2.4m height. The last bending magnet, pushes the electrons into the DUMP, and gives the possibility to measure
the beam size by detecting the Compton photons, from the Shintake laser interfering with the electron beam at the IP
region, by using a photon detector.
Figure 2.1: Final focus area as shown on the left picture which contains the last bending magnet and the iron made beam dump in which ends up
the electron beam. On the right drawing, are placed the diﬀerent detection position around the DUMP at diﬀerent periods.
2.2. Measurement apparatus
To disentangle the various sources of background, a simple and ﬂexible apparatus system has been designed and
built : it is made of a set of readout modules that can either be grouped in a longitudinally segmented mini-calorimeter,
with the possibility to insert tungsten radiator slabs, or used individually for synchronized multi-point measurements.
Each module is made of one scintillator (plastic (BC-408 type) or pure CsI) and a fast photomultiplier tube. These
scintillator types are chosen for their fast response, to allow TOF-based measurements, to discriminate neutrons from
electromagnetic background, and for their diﬀerent sensitity to neutrons. Neutrons do not produce ionization directly
in scintillation crystals, but can be detected through their interaction with the nuclei of a suitable element. Fast
Neutrons can interact with materials that contain a large concentration of hydrogen atoms (protons), for example
organic materials, by means of elastic scattering in which case the energy of the neutron is (partially) transferred to
the protons which on their turn can produce scintillation light. Using the above principle, fast neutrons can be detected
in any organic (plastic) scintillator. CsI crystals are more sensitive to low energy neutrons where the signal proceeds
through a nuclear interaction followed by a desexcitation. The signal generation is illustrated on ﬁgure 2.2. From
the pulse shapes measured at ATF2, we conﬁrmed that plastic scintillators are more sensitive to fast neutrons and CsI
crystals can see large neutron energy spectrum and are useful to measure slow (thermal) neutrons.
2.3. Scintillator properties and systematic eﬀects
The light production in pure CsI cristal have two components : a fast component light (peak emission at ∼ 315
nm) and a slow broad component (maximum emission ∼ 500 nm). The pure CsI crystals are equiped with an UV ﬁlter
that transmits about 90% of the fast and cuts the slow component. emission decay time of the fast component is ∼ 16
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Figure 2.2: The simulated energy deposit distributions for neutrons with kinetic energies ranging from thermal energies, i.e. 0.025 eV, to 1 GeV.
The simulation is made for a CsI module (a) and a plastic one (b). We can see that below ∼ 1 MeV, the CsI scintillator still provides a sizable
response to neutrons. This is due to nuclear absorption reactions. The events in which no energy deposition occurs are represented below the
dashed line. These events are scaled down by a factor 10 for better readability.
ns. Pure CsI crystals oﬀer in addition a quite good radiation hardness [8]. The light emission yield is however quite
low with about 2000 photons per MeV deposit.
The plastic scintillator has a decay time of 2.1 ns, for the dominant light component (∼ 425 nm). The photon yield
is about 10000 per MeV deposit. The plastic scintillator is however subject to Birks light production saturation eﬀect,
which induces a reduction of the response to neutrons (Fig. 2.3, 2.4). This eﬀect is parametrized as
dE
dx
∣∣∣∣∣
vis
=
dE
dx
1 + kB dEdx
, (2.1)
where the actual dE/dx is seen as the visible dEdx
∣∣∣
vis, with kB being the Birks’ constant and which order of magnitude
in plastic scintillators is typically 10−2MeV · cm2 · g−1. Second order terms are sometimes considered (but not here),
in which case the parameterization becomes
dE
dx
∣∣∣∣∣
vis
=
dE
dx
1 + kB dEdx + c
(
dE
dx
)2 . (2.2)
Figure 2.3 shows the distributions of dE/dx, weighted by the actual energy deposit or by the visible one, of the various
particle species that contribute to the scintillation signal in the plastic scintillator; these particles species are created
by the interaction of the incident neutron in the plastic medium. Figure 2.4 shows the resulting signal attenuation, and
exhibits a large attenuation in the region of a fraction of MeV of incident neutron kinetic energy.
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Figure 2.3: The distribution of dE/dx of the various particles species that contribute the to signal in the plastic scintillator, as function of the
incident neutron kinetic energy, obtained for a Geant4 simulation (with physics module being QGSP_BERT_HP). These particles are created from
interactions by the neutron. On the left plot, the vertical size (i.e. the bin size) is proportional to the energy deposition, on the right side it is
proportional to the visible energy, which is computed using eqn. 2.1, and the Birks’ constant from reference [13], namely kB = 1.15 × 10−2MeV ·
cm2 · g−1. The horizontal dashed lines illustrates the level of saturation s that we deﬁne as dEdx
∣∣∣
vis = (1 − s) dEdx , i.e. s = 1 − 11+kB dEdx . The line at
50% saturation corresponds to dE/dx values equal to 1/kB, which is, according to Eqn. 2.1, the maximum value that dEdx
∣∣∣
vis can reach. We can see
on the left plot that various species contribute to the total energy deposition inside the plastic media, with large contribution from protons but also
from heavy species, that are ions resulting from nuclear interactions of the incident neutron (e.g. 2H,3H,13C,14C, . . . ). But when weighted by the
visible energy, the right plot shows that, as known, the majority of the visible signal is produced by protons, when above a fraction of MeV. At high
neutron energy, let’s mention the contribution from other particles (e.g. pions) to the signal, these particles being formed in the hadronic interaction
cascades. Let’s also mention that the quantitative behaviour of these plots may depend on the physics modeling of the neutron interaction.
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Figure 2.4: The distribution the fraction of visible energy as function of the incident neutron energy, obtained for a Geant4 simulation (with physics
module being QGSP_BERT_HP). The visible energy is obtained from Eqn. 2.1 with kB from reference [13].
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2.4. Simulation Setup
A speciﬁc simulation using Geant4 Monte-Carlo code was implemented, in which a detailed description of mea-
surement modules, and a realistic description of the beam dump was included. In order to get workable statistics in our
measurement devices and event biasing technique was used. The dump was virtually divided into 12 adjacent regions
as in Figure 2.4. The region at the center of the dump was given an importance of 1.0, and each region progressively
closer to the right exit (modules at that position) was given a factor of 2.0 larger importance. Neutrons crossing a re-
gion boundary from lower importance to higher importance were reloaded onto the particle transport stack an integer
number of times, such that 2 neutrons exited the boundary for every one that entered; this technique is called splitting.
Geant4 adjusted the weight associated with the new neutrons on the stack to conserve particle multiplicity when the
bias was applied. Neutrons crossing a region boundary in the opposite direction were randomly terminated similarly,
a sampling called Russian Roulette [7]. The application of splitting and Russian Roulette focused the computation
time on increasing statistics on our device directed neutrons at the expense of ignoring other directed ones.
Figure 2.5: Event splitting eﬀect shown on 50 incident electrons. Neutron statistics is enhanced by 3 orders of magnitudes, by using the geometry
splitting on 12 slices.
3. Measurements around the beam dump
3.1. MC/Data comparison procedure
The signals from the photomultiplier tubes are traveling through ~50 m long cables of 50 Ohm impedance, to
two fast 1-GHz oscilloscopes used to digitize the amplitude signal waveforms on 10 k-points. In order to compare to
the MC, a calibration factor, extracted from cosmic rays calibrations procedures, is used to convert the waveform in
charge units to deposited energy in MeV.
The Geant4 MC production has been performed using two physics lists : QGSP_BERT_HP and QGSP_BIC_HP,
which are recommended by Geant4 expert for the Simulation of neutron ﬂuxes needs, in addition to the simulation of
hadronic showers, a transport for low energy neutron down to thermal energies (HP).
3.2. Measurement places and comparison to MC
Several measurements around the beam dump are performed in order to test the neutron production and transport
: depending on the detector locations, measured neutrons have small to large amount of material to traverse, making
these measurements all sensitive to production and few or lot on transport. A detector placed in front of the dump
entrance hole, will get more backscattered fast neutrons which had very few interactions. On the other hand, large
majority of the neutrons will make lot of interaction to access a detector module placed in one side of the dump.
3.2.1. Pure CsI module in front of the beam dump at 2m
The electron beam pipe is entering the dump through a hole, ended with copper. Measuring the backscattered
background near the beam pipe, is more sensitive to high energetic neutrons, which traversed very few material. In
addition, since the E.M. shower developed inside the beam dump, delayed neutrons are also produced and measured.
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The time dependent signal as measured by the detectors is composed by a ﬁrst peak composed by E.M signal (coming
from the accelerator and also backscattered from the beam dump), and by two delayed bumps which could be assigned
to the neutron signal. Those data are aﬀected by large experimental uncertainties that we evaluated actually to be less
than 40%. The comparison to MC shows that Geant4 underestimates by a factor ~5 the deposited energy, but produced
the gross features of the waveform time structure as shown on ﬁgure 3.1.
Figure 3.1: The time dependent signal as measured by the detectors placed at 2m from the DUMP : black curve represents the data and the Geant4
simulation is in red (QGSP_BERT_HP) and blue (QGSP_BIC_HP).
3.2.2. Modules box (4 modules) at 4.4 m from the beam dump
The detector box was placed at 4.4 m from the dump, in order to conﬁrm that the time dependent shape is due to
neutrons exited from the beam dump. Indeed, the waveform shape measured further away from the beamdump should
stretch according to the neutron time of ﬂight. The comparison to MC shows that Geant4, as shown on ﬁgure 3.2,
conﬁrms that the origin of the neutrons is the beam dump. The time dependent shape is reproduced by Geant4, which
has still diﬃculties to reproduce the signal height.
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Figure 3.2: The time dependent signal as measured by the detectors placed at 4.4m (left plot) and 0.7m right side (right plot) from the DUMP :
black curve represents the data and the Geant4 simulation is in red (QGSP_BERT_HP) and blue (QGSP_BIC_HP).
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3.2.3. Modules box (4 modules) at the right side of the beam dump
By placing the detector modules box on one side of the beam dump, neutrons are accessing the detectors after
traversing half of the beam dump. High energetic neutrons can only access directly the detector modules, through
transport inside the thick (1 m iron) beam dump.
The modules are placed in a diﬀerent order in the box : Plastic module (ﬁrst), pure CsI module and a second
plastic module.
The comparison to MC shows that Geant4 understands the shape of the time dependent signal, by reproducing
the two bumps as shown on ﬁgure 3.2. On the other hand, Geant4 over estimates the fast (ﬁrst) bump, and is still
underestimates the slow neutrons region.
3.3. Summary and conclusions
Neutron background measurement has been performed using the ATF2 1.3 GeV electron beamline, with detectors
modules composed by scintillators (plastic scintillators or pure CsI) and photomultiplier tubes. The time dependent
signal waveform of the detected neutrons are compared to Geant4 MC simulation. Special simulation technique,
called event biasing (for rare event simulation), was necessary to compute workable amount of MC data.
The Geant4 simulation can reproduce the main featured of the time dependent waveform shape in most of the
measurements places around the beam dump. The diﬀerence in the signal height is variable up to a factor ~5. A
systematic uncertainty on calibrations factors, evaluated to be less than 40% cannot explain the diﬀerence, since the
diﬀerences in the waveform shapes is not just a global factor. Additional measurements, using AmBe neutron source
are going on in order to complete the calibrations data and better estimate the systematic uncertainties on neutron
detection.
This measurements campaign represents ﬁrst answers concerning the reliability of Geant4[7] to predict neutron
background levels for MDI for the next generation of linear colliders. Despite large experimental uncertainties, we
can conclude however that Geant4 is not oﬀ by orders of magnitudes.
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